The use of the millimeter (mm) wave spectrum for next generation (5G) mobile communication has gained significant attention recently. The small carrier wavelengths at mmwave frequencies enable synthesis of compact antenna arrays, providing beamforming gains that compensate the increased propagation losses. In this work, we investigate the feasibility of employing multiple antenna arrays (at the transmitter and/or receiver) to obtain diversity/multiplexing gains, where each of the arrays is capable of beamforming independently. Considering a codebook based beamforming system (the set of possible beamforming directions is fixed a priori, e.g., to facilitate limited feedback), we observe that the complexity of jointly optimizing the beamforming directions across the multiple arrays is highly prohibitive, even for very reasonable system parameters. To overcome this bottleneck, we develop two complementary approaches, premised on the sparse multipath structure of the mmwave channel. Specifically, we reduce the complexity of the joint beamforming optimization problem by restricting attention to a small set of candidate directions, based on: (a) computation of a novel spatial effective power metric, and (b) estimation of the channel's angles of arrival. Our methods enable a drastic reduction of the optimization search space (a factor of 100 reduction), while delivering close to optimal performance, thereby indicating the potential feasibility of achieving diversity and multiplexing gains in mmwave systems.
I. INTRODUCTION
The use of the Millimeter (mm) wave band for next generation (5G) mobile broadband communication has gained considerable attention recently [2] , [3] . Vast amounts of spectrum (both licensed and unlicensed) are available in the mmwave band (typically considered to be 30-300 GHz), making it attractive for high data rate communication. While radio waves in the mmwave band suffer higher propagation losses compared to the losses encountered at the lower microwave frequencies used currently for cellular communication, the smaller carrier wavelengths for mmwave frequencies also imply that more antennas can be packed in a relatively small area, making it feasible to design high-gain antenna arrays in small form factors that can compensate for the increased propagation losses.
In current systems employing multiple antennas (i.e., current MIMO systems, e.g., 3GPP LTE [1] ), beamforming (or, precoding) is performed at baseband (BB), and the precoder outputs are fed into the different transmit antennas using a separate RF chain (implied to include the digital to analog converter (DAC) and the upconversion components) for each antenna. For millimeter wave systems employing large antenna arrays, such an architecture is considered infeasible, given the prohibitive cost of the large number of RF chains. Rather, beamforming may be performed at the RF level using a set of analog phase shifters, which limits the number of required RF chains to one.
To obtain diversity/spatial multiplexing gains in such systems, a natural strategy is to consider the use of a transmitter (Tx) (and or receiver (Rx)) antenna array consisting of multiple subarrays, where each of the subarrays is capable of independent electronic beam steering using RF phase shifters (see Fig. 1 ). In essence, each subarray emulates a virtual antenna (that is capable of directional transmission) in the sense of current MIMO systems, and spatial multiplexing of L data streams can be supported, in principle, using at least L arrays at both the Tx and the Rx. In addition to the RF beamforming at each array, a baseband precoder may also be employed at the Tx (as in current systems; with each subarray being analogous to one antenna in current systems) to process the data to be sent on different streams, providing an additional level of flexibility on top of only the phase shift operations performed at RF. The overall precoding operation may then be referred to as hybrid (mix of analog and digital) precoding.
We consider the preceding array-of-subarrays architecture, and study the corresponding hybrid precoder optimization problem, involving a joint optimization over the choice of the Tx BB precoder, and the Tx/Rx RF precoders (i.e., the Tx/Rx RF beamforming directions at the different Tx/Rx subarrays). In this work, we consider codebook based precoding (wherein the different precoders are picked from a priori fixed codebooks), a framework applicable, for example, to limited feedback settings. (For instance, in current 3GPP cellular systems, the channel feedback from the mobile station (MS) to the base station (BS) consists of an index corresponding to the preferred codebook precoder, as opposed to more detailed analog feedback of the channel.) Recent related work [8] , [9] has considered the hybrid precoding problem in different contexts (e.g., focussing on a "fully connected" architecture, and/or on unconstrained (i.e., non-codebook based) systems). To the best of our knowledge, codebook based precoding with the arrayof-subarrays architecture has not been considered before.
A straightforward approach to hybrid precoder optimization would be to try all possible combinations of the different precoders. However, as we observe here, the complexity of such an approach scales exponentially with the number of subarrays employed at the Tx and the Rx, with the exponential scaling arising out of the need to assign an RF beam direction to each of the subarrays (at the Tx and the Rx). In fact, the absolute number of combinations to try out scale rapidly enough to make this approach prohibitive, even for reasonable system parameters. To overcome this bottleneck, we propose and investigate reduced complexity algorithms for precoding in mmwave systems. Our algorithms are premised on exploiting the structure inherent to the mmwave channels [4] , [5] , [6] . In particular, mmwave channels are characterized by a sparse multipath structure, which in the spatial domain corresponds to a small number of (dominant) angles of departure (AoDs) from the Tx and a small number of (dominant) angles of arrival (AoAs) at the Rx. This implies that, most of the signal power is captured in a small number of spatial directions (at both, the Tx and the Rx), so that the RF precoder search complexity (at both, the Tx and the Rx) can be reduced, in principle, by restricting attention to a small set of spatial directions. In this work, we build on the preceding motivation, and develop reduced complexity precoding algorithms. A summary of our contributions, is as follows:
A. Contributions
• We consider codebook-based hybrid precoding in mmwave systems with multiple antenna arrays. Our work identifies, for the first time in the literature, the prohibitive complexity bottleneck for this problem. • Exploiting the sparse multipath nature of mmwave channels, we develop a systematic approach for reduced complexity precoding. Specifically, we first develop algorithms to obtain reduced cardinality RF codebooks consisting of only the dominant beams, and then perform precoder optimization by searching over all precoder combinations within these smaller codebooks, thereby achieving significant complexity reduction. • To obtain the reduced cardinality codebooks, we develop two complementary approaches. In the first approach, we use a novel power metric, termed the effective power, to obtain sets of dominant Tx and Rx RF beams. Computation of the effective power averages out the spatial fluctuation of the received signal strength across the different subarrays, providing a set of candidate directions that are suitable across all the subarrays. In the second approach, we develop an algorithm to estimate the signal AoAs at the Rx, utilizing the phase of the measured correlations in the symbols received across the spatially separated Rx subarrays. The resulting (small number of) AoA directions are then used as the candidate RF beams at the Rx. • Simulation results (over the IMT urban spatial channel models [11] ) show that the proposed methods achieve performance close to that attained with exhaustive optimization, while reducing the search complexity enormously (to realistic levels), indicating the potential feasibility of using multiple arrays in mmwave systems.
II. TRANSCEIVER ARCHITECTURE AND CHANNEL MODEL
We consider an array of antennas employed at the Tx and at the Rx. The Tx (Rx) array comprises multiple subarrays ( Fig.  1 depicts the Tx structure), with each subarray connected to one of the RF chains employed at the Tx (Rx). We denote by N T Ant (N R Ant ) the total number of antennas in the Tx (Rx) array. The number of Tx (Rx) subarrays is denoted by N T SA (N R SA ), while the number of antennas in each Tx (Rx) subarray is
Denoting by x the N L × 1 vector of transmitted symbols, and by y the N R Ant × 1 vector of symbols received across the receiver antennas, we have
where w is a N R Ant × 1 noise vector, consisting of i.i.d. CN (0, σ 2 ) entries. After RF precoding at the receiver, the N R SA × 1 vector of symbols received across the receiver subarrays is,
where (·) * denotes the conjugate transpose operation. Note that for the array-of-subarrays architecture, the RF precoder matrix (at the TX and Rx) possesses a special structure. Since each subarray is connected to only one RF chain, each column of the RF precoder matrix is zero except for a contiguous block of nonzero entries (consisting of the beamforming weights used on the corresponding subarray).
The beamforming vector in each column of the RF precoder is normalized to have unit power, so that F R RF * F R RF = I N R SA (and F T RF * F T RF = I N T SA ). Consequently, the entries in the processed noise F R RF * w are still i.i.d CN (0, σ 2 ). Therefore, we can equivalently write (2) as
with n consisting of i.i.d. CN (0, σ 2 ). Channel Model: In contrast to the rich scattering model often assumed for microwave frequencies, mmwave channels are better characterized by a limited number of scatterers. A raycluster based spatial channel model (each scatterer resulting in a cluster of channel rays) is typically employed. With N T Ant (N R Ant ) number of Tx (Rx) antennas, the (narrowband) channel representation is as follows [4] , [5] , [6] , [7] 
where {G c,r , φ AoA,c,r , φ AoD,c,r , θ AoA,c,r , θ AoD,c,r } denote the complex gain, azimuthal AoA, AoD, and elevation AoA, AoD of ray r in cluster c, resp., and a R (·) and a T (·) denote the array response vectors for the Rx and the Tx antenna arrays, resp. For a uniform planar array in the yz plane, with N y and N z antenna elements along the y and z axes (with N = N y × N z ), the array response is [10] ,
where d is the inter-element spacing (along y and z dimensions) and, 1 ≤ n y ≤ N y , 1 ≤ n z ≤ N z are element indices. While we use a R (·) and a T (·) to denote the array response vectors for the Rx and Tx arrays, we will also allude to the array response vectors corresponding to a Rx and Tx subarray, and refer to them as a RSA (·) and a TSA (·), respectively. An equivalent representation of (4) (that we allude to later), considering a single summation over all the N r = N c × n r rays, is
III. FRAMEWORK

Codebook based precoding:
We consider a discrete set (i.e., codebook) of possible beamforming vectors that may be employed at the Tx (Rx). In particular, each of the vectors in the codebook steers the Tx (Rx) beam towards a certain (φ, θ) in the (azimuth, elevation) dimension. Notation wise, we denote
as the codebook of RF beams at the Tx, where, N T Beams is the number of possible Tx RF beams.
as the codebook of RF beams at the Rx, where, N R Beams is the number of possible Rx RF beams. Each subarray at the Tx (Rx) can pick any of the beams in C T RF (C R RF ). In terms of the RF precoder matrix at the Tx (Rx), this implies that the nonzero vector in each column can be picked to be the vector corresponding to any of the beams in C T RF (C T RF ). For N T SA subarrays at the Tx, we therefore have
where, C T BB is the Tx BB precoder codebook. It consists of N T BB precoding matrices, with the i th matrix being P i .
CSI-RS transmission and channel measurements:
In current cellular systems (3GPP LTE), the BS transmits a reference symbol from each Tx antenna, so that the Rx antennas can sense the channel from the different Tx antennas without any interference. For mmwave systems, since the Tx and Rx subarrays (the analogues of the Tx and Rx antennas in LTE systems) can beamform in several possible directions, CSI-RS are transmitted from each subarray at the Tx, so as to enable channel measurements corresponding to different beam pair combinations at the Tx and Rx subarrays. In particular, for N T Beams and N R Beams number of beams at the Tx and the Rx, resp., a particular Tx subarray transmits N T Beams × N R Beams CSI-RS symbols, with the transmissions from different Tx subarrays orthogonalized in time/freqeuncy to prevent interference. After scanning the CSI-RS symbols transmitted by all the Tx subarrays, the Rx can acquire (estimates of) the following channel coefficients:
beams } is the beam index picked at the Rx subarray, and, b T ∈ {1, . . . , N T beams } is the beam index picked at the Tx subarray. Using these measurements, the Rx needs to perform a joint optimization of the Tx/Rx RF precoders and the Tx BB precoder, and feed back the Tx RF/BB precoder choices to the Tx for subsequent data transmission.
IV. HYBRID PRECODER OPTIMIZATION
For every choice of the BB and RF precoder at the Tx and the RF precoder at the Rx, we get an overall compressed channel H c = F R RF * HF T RF F T BB , so that the transmission equation (3) becomes z = H c x+n. (The entries of the matrix H c can be obtained in a straightforward manner from the set of CSI-RS channel measurements {h i,j,bR,bT }.)
Using the mutual information achieved over this channel as the optimization criterion, the optimization problem is argmax
(7)
Complexity: A direct approach to perform the preceding optimization is to evaluate the mutual information for all possible precoder combinations. Since F T RF ∈ (C T RF ) N T SA , there are a total of (N T Beams ) N T SA possible choices for the Tx RF precoder. Similarly, there are a total of (N R Beams ) N R SA possible choices for the Rx RF precoder. Since the BB precoder at the Tx can be picked from amongst N T BB precoder matrices, the total number of combinations to consider are
The total number of combinations scales exponentially with the number of subarrays used at the Tx and the Rx. Even for reasonable values of the system parameters, this exponential scaling makes the number of combinations so large that it severely prohibits an exhaustive search. For instance, with 4 Tx subarrays and 2 Rx subarrays (akin to a 4 × 2 MIMO configuration in LTE), and 8 possible beams at the Tx and the Rx (typical numbers that we expect to be used for system design, based on our simulations), we get K = 8 2 × 8 4 × N T BB = 2 18 × N T BB ! It is important to remark that in a cellular environment, mobility of the receiver would mandate performing this optimization at regular intervals, which threatens the very applicability of hybrid precoding to millimeter wave cellular systems.
Low complexity precoding: The major contribution to the high complexity of precoder selection (8) comes from the selection of the RF beams at the different Tx/Rx subarrays. Towards reducing this complexity, we note that, due to high propagation losses and limited environmental scattering, the mmwave channel is characterized by a small number of (dominant) paths between the Tx and the Rx. This sparse nature of the mmwave channel implies that most of the signal energy is expected to be concentrated around a small set of spatial directions, which opens up the possibility for reducing the RF beam search space, by way of restricting attention to a subset of beams that captures most of the signal energy. In the next section, we present an approach to obtain the desired Tx and Rx codebook subsets of dominant beams, based on a power metric (computed using the strengths of the CSI-RS channel measurements) that appropriately accounts for the spatial variation of the channel energy across different subarrays while selecting the dominant beam directions. A detailed analysis of the power metric is performed in the limit of large array sizes, and it is shown that, for large systems, the resulting Tx/Rx beam directions approach the channel AoAs/AoDs. Complementary to the preceding approach, in Section VI, we develop another method for reduced complexity precoding in mmwave systems. Specifically, we exploit the signal correlations across the Rx subarrays to develop an algorithm for estimating the precise channel AoA directions at the Rx, and use these estimated directions as the candidate beams for reception. Since the number of dominant AoA directions is expected to be small, this cuts down on the RF beam search space at the receiver. Simulation results evaluating the performance of the proposed algorithms are provided in Section VII.
V. DOMINANT BEAM SELECTION FOR LOW COMPLEXITY
PRECODING
The typical CSI-RS measurement, h i,j,bR,bT , is the channel between subarray i at the Rx and subarray j at the Tx, when the Rx subarray is steered towards beam index b R and the Tx subarray is steered towards beam index b T . Using these measurements, we are interested in obtaining subsets of Tx and Rx beam codebooks that capture most of the channel energy. However, note that the CSI-RS strengths are not only a function of the Tx and Rx beam indices, but also dependent on the Tx and Rx subarray indices. For instance, a strong Rx beam direction at a particular Rx subarray may actually appear to be a weak direction when measuring the channel at another Rx subarray. This variation in the signal strength is induced by an (Rx subarray index)-dependent phase variation in the channel corresponding to each of the channel paths, which also in fact depends on the AoA and AoD of each path. (Due to space constraints here, we refer the reader to [12] for a more analytical description of this behavior).
In light of the preceding discussion, since the strength of the channel coefficients, for given Tx/Rx beams can vary across the different Tx/Rx subarrays, we obtain the Tx/Rx beam subsets (to which we wish to restrict our search space) as the sets of beams that maximize an appropriately chosen average signal strength measure. Specifically, we use the following approach: To obtain the average signal strength (average power) for a particular Rx beam direction, we average the received signal strength across all Tx/Rx subarrays, and all Tx beams, while keeping the Rx beam direction fixed to the desired direction. Mathematically, we compute the following effective-power metric, for each of the Rx beams,
A similar procedure is performed corresponding to the Tx beams. Specifically, we compute the effective powers for the Tx beams, as,
To reduce the search space complexity, we then pick the best P Rx beams (with largest effective powers) and best P Tx beams (with largest effective powers), and perform a search over only these subsets. The parameter P can be considered as a tunable parameter, which can be picked in accordance with the tolerable search complexity. Crucially, though, given the sparse nature of the mmwave channel, we expect that a small value of P would give performance close to that achieved with an exhaustive search over all beams.
The total number of combinations to consider, under our approach, is
For small values of P, which will be the paradigm of interest in mmwave communication, we expect K P << K, resulting in significant complexity savings. Note that, while the search space still scales exponentially in the number of Tx/Rx subarrays, the procedure affords us the flexibility to systematically allocate the beams (from the reduced subsets) across the different subarrays in an optimal manner (given the reduced codebook subsets, we maximize the mutual information over all possible precoding combinations), as opposed to alternate heuristic allocations.
Properties of the beam subset: In the proposed method, we restrict the search space to beams that capture most of the channel energy, when averaged across the spatial domain. Note that, for finite antenna array sizes, it is not apparent if a metric other than the one proposed (average spatial power) can perform better. In particular, a closed form analytical expression for the beam directions that maximize the channel's mutual information appears intractable (channel AoA/AoD directions do not necessarily optimize the mutual information). In fact, even for a system with 1 Tx subarray and 1 Rx subarray, given a channel with multiple (> 1) rays, obtaining a closed form analytical expression for the best Tx/Rx beam seems infeasible. However, as we consider larger antenna array sizes, focussing attention on directions in the vicinity of the channel AoAs/AoDs appears to be an intuitively plausible strategy (since the "beamwidth" is reduced with increasing array size). In [12] , we provide a detailed analysis of the proposed effective power metric, and show that, for large systems (large antenna subarrays, and, large number of subarrays), the beams selected based on the effective power metric indeed approach the channel AoA/AoD directions.
Complexity of dominant beam selection: To obtain the average power for a particular Rx beam direction, we need to perform O(N R SA × N T SA × N T Beams ) computations. Since there are N R Beams possible beams at the Rx, the total number of computations to be performed for selecting the dominant beams at the Rx are O(N R SA × N T SA × N R Beams × N T Beams ). A similar number of computations are required to obtain the dominant beams at the Tx, so the total number of computations are of the same order. Hence, with the proposed method, the complexity of obtaining the dominant beams at the Tx and the Rx scales linearly with each of the parameters.
VI. AOA ESTIMATION FOR LOW COMPLEXITY PRECODING
In this section, we present an algorithm to estimate the precise channel AoA directions. While the dominant beams in the preceding section were obtained based on the instantaneous channel realization, the algorithm developed here enables estimation of arrival directions which dominate in terms of the time-averaged (i.e., longer-term) channel power. The estimated (small number of) dominant AoA directions may then be employed as candidate RF beams for data reception at the receiver, thereby reducing the precoder search complexity 1 . Note that while AoA estimation provides complexity reduction w.r.t (with respect to) the Rx beam search, other techniques to estimate dominant beams at the Tx (such as the one in the preceding section) may be utilized in conjunction with this method.
A. Principles of AoA Estimation
The problem of estimating the signal AoA using an array of Rx antennas has been studied extensively (see, e.g., [14] , [15] , [16] , [17] ). Note, however, that the antenna array architecture assumed in these references is different from that employed in mmwave systems; in particular, access to the individual antenna outputs is assumed. In mmwave systems, we only have access to the beamformed samples, i.e., to a linear combination of the samples observed at the different antenna elements. Due to this, such "classical" AoA estimation methods are not directly applicable, as has been noted in the literature [13] . In the case of signal arrival from a single direction in a static scenario, [13] develops an AoA estimation method, based on correlating the observations across different SAs. In this work, we use similar principles to develop a methodology for Rx signal AoA estimation in scenarios encountered in cellular systems, namely, where the Rx is mobile, and where the presence of multiple scatterers/reflectors in the environment 1 We could alternatively map the estimated AoAs to the nearest beams in the Rx RF codebook. Here, in Section VII, we simulate the performance with precise steering in the AoA directions, to understand the "best" achievable performance with precise AoA estimates. See [12] for further discussion. leads to signal propagation and consequent signal arrival at the Rx via a number of paths.
In deriving the expressions in this section, we follow the channel model and notation introduced in Section II. As will be shown, our AoA estimator exploits the time averaged correlation between the received signals across different Rx subarrays. Therefore, we now explicitly incorporate the time index t. Further, following the typical spatial channel modelling methodology (adopted, e.g., in [11] ), each ray within a cluster is characterized by a set of quasi-static quantities: average power, time delay, initial phase, Doppler frequency, and an AoA and AoD.
Incorporating the preceding parameters, we can write the received CSI-RS sample h i,j,bR,bT (t) between Rx subarray i and Tx subarray j, with the Rx (Tx) subarray beamforming in the direction with index b R (b T ), as follows (detailed derivation provided in [12] )
where, γ R r,i = (2π/λ)(d Ri z cos(θ AoD,r ) + d Ri y sin(θ AoD,r ) sin(φ AoD,r )), with d Ri y and d Ri z denoting the distances (along the y and z dimensions) between Rx subarray 1 and Rx subarray i. (γ T r,j is defined in an analogous manner.) Here, f denotes the narrowband center frequency, and for the ray with index r, τ r , |G r |, γ r , f D,r denote the delay relative to τ 0 , magnitude, initial phase (i.e., phase at t = 0), and the Doppler frequency, respectively. (As stated, these ray parameters (and the ray AoA and AoD) are understood to be quasi-static.)
To demonstrate the principles behind our AoA estimation algorithm, we consider an arrangement of one Tx subarray, and three Rx subarrays. The three Rx subarrays are indexed as {1, 2, 3}. With respect to Rx subarray 1, Rx subarray 2 is located at a shift of d ySA along the Y axis, while Rx subarray 3 is located at a shift of d zSA along the Z axis with respect to Rx subarray 1. In terms of the notation used to define γ R r,i above,
We will exploit the relationship between the CSI-RS symbols received across the three Rx subarrays to obtain the AoA estimates. Towards that, consider a particular choice of the (Tx beam, Rx beam) pair (i.e., particular choice of (b R , b T )). Since the analysis we perform next holds for all such pairs, to simplify notation in the following, we drop the indices (b R , b T ). Further, the Tx subarray index is also dropped (since there is only 1 Tx subarray). Specifically, we denote by z i (t) {i = 1, 2, 3}, the CSI-RS symbol received at Rx subarray i at time t.
Using (12), we can write,
where z i,r (t) is the term inside the summation in (12) .
Considering Rx subarrays 1 and 2, with subarray 2 located at a shift of d ySA along the Y axis w.r.t subarray 1, we have z 2,r (t) = e jk.dySA.sin(θAoA,r).sin(φAoA,r) .z 1,r (t).
Now, consider E {z 2 (t).z * 1 (t)}, with the expectation taken over time. Using (13) , (14) , we have
| (·) | 2 .e jk.dySA.sin(θAoA,r).sin(φAoA,r)
where the noise samples observed at the two subarrays are assumed uncorrelated with each other, as well as with any of the signal components. The cross term C p,q is given as
where g (·) is independent of time. We note that the quantity e j[(γp−γq)+k.(fD,p−fD,q).t] is a unit-magnitude phasor with an initial phase, rotating in time; hence, we have E e j[(γp−γq)+k.(fD,p−fD,q).t] = 0, due to which all the cross terms in (15) vanish, leaving us with only the first (timeindependent) term; hence we have
dySA.sin(θAoA,r).sin(φAoA,r) .
(17) Proceeding in an analogous manner and considering Rx subarray 3 displaced by d zSA w.r.t Rx subarray 1 along the Z axis, we have the counterpart expressions to (14, 17) as Now, working under the assumption that, in (17), (19), a set of rays with a small angle spread clustered around a certain elevation and azimuth angle dominates the power distribution across the rays (essentially assuming that, once we have beamformed at the Tx and Rx subarrays, rays within a small angular spread contribute a dominant fraction of the post-beamforming captured power), we can approximate (17) and (19) as the product of an amplitude-only term and a phase term, as follows
where θ AoAEf f and φ AoAEf f are the effective elevation and azimuth signal angles-of-arrival, representing the (closely clustered) arrival angles of the dominant rays. Given the expected correlations in (21) and (20) (which can be estimated empirically based on received CSI-RS samples, see [12] for details), we can estimate θ AoAEf f via (21), followed by the estimation of φ AoAEf f via (20). Note that the preceding analysis holds for a particular choice of Tx-Rx RF beam pair. For different beam pairs, the closely clustered set of rays that dominate the power distribution in (17) , (19) is expected to be different, enabling estimation of different effective arrival directions. As noted earlier, the estimated AoAs should be understood to be longer-term dominant AoAs.
While, in practice, the preceding AoA estimation procedure would rely on empirical computation of the required correlations (based on time evolution of the channel), for the purpose of studying channel throughput with beam selection based on the estimated AoAs (as considered in our simulation results in Section VII), we employ an analytical model that can actually emulate the output of our AoA estimator for given channel statistics, without the explicit need to evolve the channel over time (this reduces the simulation run-time). For lack of space, we refer to [12] for details.
VII. SIMULATION RESULTS
We show simulation results for transmission in the azimuth plane using uniform linear arrays. (3D channel models for mobile communication are currently being researched, and not yet available [18] ; On another note, restricting to azimuth also cuts down on the complexity of the exhaustive search, making it possible to simulate it in a time-bound manner). We consider a system with 2 subarrays each at the BS/MS (emulating a 2x2 conventional MIMO system). The BS subarrays consist of 8 antennas each, while the MS subarrays consist of 4 antennas each. The BS sector spans 120 degrees around boresight, while the MS monitors a complete 180 degree region around boresight. The BS RF codebook consists of 12 beams spread uniformly in the sector, while the RF codebook at the MS consists of 8 uniformly spread beams. (Based on our simulations, for the configuration we consider, these are nominal number of beams). The baseband precoder is assumed to come from the 2x2 codebook used in the LTE standard [1] . The channel model employed is IMT 4G urban micro (UMi) [11] spatial channel model, a cluster-ray based model as in (4) (outdoor mmwave statistical channel models are not yet available; and can be expected to be sparser than the model considered here). The performance metric used is the mutual information (averaged over several channel realizations) attained with different precoding schemes.
In Fig. 2 , we depict the performance of the two proposed approaches: AoA estimation based complexity reduction (in MS RF beam search) and effective power based complexity reduction (applied in MS RF beam search only, to enable comparison with AoA based approach), and the performance with an exhaustive search. Solid (red) curves correspond to effective power approach (for different values of the parameter P), while dashed (blue) curves correspond to the AOA approach (for different values of the parameter P). It is observed that both the proposed approaches provide significant complexity savings, while delivering close to optimal performance. For instance, at 10 dB SNR, with P = 1 only, (thereby reducing the complexity by a factor of 1 2 8 2 = 1 64 ), we can get to within 1.2 dB (1.7 dB) of the performance with exhaustive search, when using effective power approach (AoA approach). With P = 3 (complexity reduction factor 3 2 8 2 = 9 64 ), we are within 0.6 dB of exhaustive search, using either of the proposed approaches. This illustrates the efficacy of the proposed algorithms. Further discussion, focussing on the performance gap between the two proposed approaches, is provided in [12] . Next, we illustrate the performance of the effective-power approach, when applied to subselect beams at both the BS and the MS. To put the performance of the effective-power approach into perspective, we also simulate random beam selection, namely, we pick P beams (at the BS/MS) randomly from the RF codebook (at the BS/MS), as opposed to picking beams based on the effective powers. Comparison with a naive random subset basically provides insight into the usefulness of the proposed approach. From the results (Fig. 3) , we observe that the proposed approach performs exceptionally well. For instance, at 10 dB SNR, using P = 3, we get to within 0.9 dB of the optimal performance, and attain a complexity reduction factor of 3 2 12 2 × 3 2 8 2 > 100. For the same value of P , the performance with random beam subset selection is 4.6 dB worse than that of exhaustive search, indicating the efficacy of the proposed approach.
VIII. CONCLUSIONS
We have investigated hybrid precoding for mmwave cellular communication with multiple antenna arrays, in the context of codebook-based systems. While the complexity of optimal hybrid precoding is observed to be highly prohibitive, we have shown that, exploiting the sparse multipath nature of the mmwave channel, it is possible to cut down on the complexity (to realistic levels) with tolerable performance loss. This indicates that hybrid precoding, is, a feasible design option for next generation mmwave communication systems. Future work would aim to build on the work here, and target development of even lower complexity algorithms, as well as consider the application of the proposed algorithms in the context of wideband systems and multi-user MIMO systems. 
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